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Abstract

We consider the positive real-valued solutions of a particular type of ordinary
differential equations that arise when considering defect solutions to semilinear
partial differential equations. We provide sufficient conditions on the nonlinear
term to ensure the existence, uniqueness and monotonicity of solutions to the
ordinary differential equation with the prescribed boundary conditions. We
then focus on the behaviour of such solutions at infinity and we prove that there
is a unique formal expansion at infinity of the Gevrey type, i.e. the coefficients
of the expansion grow as a power of a factorial. Moreover, we show that the
actual solution is indeed asymptotic 1-Gevrey to this formal expansion. We also
present a numerical algorithm to compute the solution for arbitrary values of the
degree n in the particular case of the Ginzburg—Landau equation. In particular,
we address the difficulty in the numerical computations when 7 is relatively
large due to the fact that the shooting parameter becomes exponentially small
for the whole class of nonlinearities considered in this work.

Mathematics Subject Classification: 34B18, 34E05, 30E25

1. Introduction

In this work we analyse the positive real-valued solutions to the following problem:

" J'(r) n’
fr)+ === f 5+ F(f(r) =0, ey
f(0) =0, lim f(r) =1, @
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where n may be taken, by symmetry, as a positive real number and F is a smooth function
satisfying F(0) = F(1) = 0.

These types of equations arise as a representation of the so-called vortex or point-defect
solutions in R? of semilinear equations of the form

— Au = F), 3)

u being a complex-valued scalar field subject to the condition at infinity |u(x)|] — 1 as
[x] — +4oo. Vortex solutions are characterized by having a non-vanishing total winding
number or degree at infinity, which is given by

deg., u = deg <|Z—| BBR> ;

for large enough values of R, with Bg = {z € C : |z| < R}. In particular, solutions of the form

u(x) = (i> fxh.  xeC, )

|x|
represent vortices with a degree at infinity of n € Z, and moreover, f is readily found to satisfy
the ordinary differential equation (1) along with the boundary conditions (2).

As we shall see, we will be dealing with quite general nonlinear terms F. Essentially
we will consider smooth functions (continuously differentiable) that vanish at least at zero
and one. Examples of this sort of nonlinearities often arise in the continuum description of
problems involving phase transitions, as it happens for instance in superconductivity models,
liquid crystals or relativistic strings (see [33]). In these contexts, the so-called order parameter,
u, has two preferred homogeneous states or phases, namely u = 0 or u = 1, corresponding
to two equilibrium solutions of the partial differential equation. In this sense, vortex solutions
are non-trivial patterns connecting these two stable states, where the solution does vanish only
at a single point and remains close to one elsewhere. The main result in this paper will hence
provide a set of conditions on F' for such type of functions to exist as solutions to the ordinary
differential equation (1) with the boundary conditions given by (2).

When F(x) = x(1 — x2), and n is an integer, f represents the modulus of single-vortex
solutions of the celebrated Ginzburg—Landau equation. This particular case has been widely
studied from both the point of view of the partial differential equation and also from the
equation satisfied by its modulus |u| = f. For instance, in the work by Bethuel et al [9], the
authors focus on the structure of the energy associated with equation (3) to prove that there
exist solutions u : C — R? with a non-zero degree in bounded domains. They further show
that such solutions may be expressed in terms of a function u(x) as described in (4), but they
leave, as an open problem, the interesting question of whether this solution « is unique and
hence may be just represented by a function of the form (4). Also in [10] the authors deal
with the same problem for solutions in the whole R?, but again they leave unanswered the
question of the uniqueness of solutions like the one in (4). Later on, Mironescu in [30] finds
that u(x) defined as in (4) is indeed unique when considering solutions in the plane, Millot
and Pisante in [29] also affirmatively answer this same question in dimension three and Farina
in [19] finally provides uniqueness for any dimension greater than or equal to three.

The fact that the solutions to (3) with a non-vanishing degree are uniquely defined by (4)
strongly motivates the analysis of the ordinary differential problem (1)—(2) by itself. In this
case, existence and uniqueness of such solutions have also been determined by some authors
such as Chen et al in [15] or Hervé and Hervé in [23]. In these works the authors use shooting
arguments which also allow us to prove the monotonicity and positivity of the solution f(r).
However, these shooting arguments are quite restrictive since they strongly rely on the precise
structure of the nonlinearity F (x) = x (1—x?), so they prove to be not so useful for more general
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nonlinear terms. In this work we tackle the problem from another perspective that is more
commonly found in the dynamical system approaches, that is turning (1)—(2) into a suitable
fixed point equation. Moreover, this fixed point equation allows us to elucidate in some depth
some features of the structure of the solutions to this general problem. Needless to say that
the techniques and results in this work also apply to the well-known Ginzburg—Landau case.

Another related interesting problem is obtained with F(z) = (1 +ia)z — (1 +iB8)z|z|?,
where now z € C and o, 8 € R. It is easy to check that when @« = g equation (3)
can be reduced to the standard Ginzburg—Landau equation (see for instance [2]), so the
general situation where the parameters differ is usually known as the complex Ginzburg—
Landau equation. In this case it seems that there also exist vortex solutions that may also
be expressed in terms of ordinary differential equations. In particular, such vortex solutions
are also of the form u(x) = (x/|x|)" f(]x]), but now f(r) € C, so it yields a system of two
coupled ordinary differential equations for the real and imaginary part of the modulus of the
solution u. The existence of these solutions in the whole plane remains unsolved. One may
regard this general problem as a perturbation of the problem we have studied in this work.
However, this type of perturbation makes the equation entirely different from the unperturbed
one since the unperturbed equation has an associated energy that allows us to use the techniques
of the calculus of variations that are of no use in the case of the complex Ginzburg—Landau
equation. In this respect, we want to emphasize that the functional analysis setting in this work
is independent of the variational structure of the equation since it is based on a suitable fixed
point equation, so our aim is to apply this new approach to tackle the more difficult case of the
complex Ginzburg—Landau system.

This paper is hence organized in two main parts. The first part is concerned with the
general problem given by (1)—(2), where our main result, theorem 2.1, characterizes some
nonlinearities F for which there exists a unique solution. We note that equation (1) intuitively
seems to have very different behaviours at zero and at infinity; the dynamics of the solution at the
origin is dominated essentially by the linear part in (1), the one that comes from the Laplacian
in (3), while as r — oo, the dominating part stops being an ordinary differential equation and it
is the algebraic equation F(f) —n?/r? = 0 that seems to govern the behaviour of f. However,
we have succeeded in developing a scheme in terms of a fixed point equation which enables
us to prove the existence and uniqueness of the solution to (1)—~(2). Moreover, we provide an
upper bound for the leading coefficient of this solution f around r ~ 0 (o, = lim, o f(r)/7")
which is exponentially small in degree n. In the second part, we focus on some properties of
the solutions in the generic case,

’ 2 aF
£+ L r(r) - f(r)’:—2 +F(f(r) =0, =) <0 )
£(0) =0, lim f(r) =1, ©6)

where we perform a rigorous study of the behaviour of these solutions at infinity. We note that
the Ginzburg—Landau equation, which corresponds to F(x) = x(1 — x?), is also included. In
particular, we derive a unique formal expansion of 1-Gevrey type and show that the solution to
(5)—(6) is real analytic at infinity (that is, for r > r¢ > 0 with ry large enough) and it is Gevrey
asymptotic to the formal expansion. This type of result has not been found before and it is very
interesting from the point of view of the physics being modelled by this family of equations
since it provides a framework to use the formal asymptotic expansion as a representation of
the solution at infinity. A similar regularity result was stated by Duan et al [18] regarding
the so-called generalized Ginzburg—Landau equation in one dimension. We remark that the
requirement on the derivative of F atx = 1, although it restricts the family of possible nonlinear
terms under consideration, is also necessary in order to provide stability of the vortex pattern
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when such a solution is regarded as an equilibrium solution of the evolution partial differential
equation u, — Au = F (u), so this requirement is often satisfied.

We also derive a numerical scheme to compute «,, = lim,_,¢ f(r)/r" for some values of
n. As we shall show, these numerical computations are in general non-trivial due to the fact
that the shooting parameter becomes exponentially small in 7.

The outline of this paper is as follows. In section 2, we first deal with the general
problem given by (1)—(2) and introduce theorem 2.1, which provides sufficient conditions
on the nonlinearities F' for which there exists a unique solution of (1)—(2). This is achieved
by, first, posing the problem in terms of a fixed point equation (10) which serves to construct a
monotone solution satisfying the required boundary conditions, and second, by using a sliding
method, which was first introduced in [5] and has also been used in [12], to prove uniqueness.
In section 3 we focus on the behaviour of the solution as r — 0. In particular, it is found
that, although there exist infinitely many solutions departing from r = 0 like f(r) ~ ar” with
a continuous set of initial parameters «, the precise value for the parameter that ensures that
f(r) = lasr — +ooisexponentially small in n. This explains the difficulties encountered in
obtaining numerical computations for f (r) already for moderate values of n. In the rest of this
paper we study the generic case where F is analytic and F (x) ~ b(1 — x) + O((1 — x)?), with
b > 0, around x ~ 1, whose solution is readily found to be C* by means of theorem 2.1. We
start, in sections 4 and 5, by describing some asymptotic properties of the solution at infinity. In
particular, in section 4 we prove that there is a unique formal expansion at infinity of the Gevrey
type, i.e., the coefficients of the expansion grow as a power of a factorial. We then analyse
the actual solution of problem (5)—(6) and show, in section 5, that it is indeed asymptotic
1-Gevrey to the previously found formal expansion. Some numerical computations, obtained
with a multiple shooting technique, are presented in the last section 6 for the Ginzburg—Landau
equation: F(x) = x(1 — x?). These show that the profile of f(r) flattens proportionally as
n increases, enlarging the area where f(r) is close to the initial value zero. This, as we shall
also explain in section 6, can be regarded as an expansion of the vortex core as n increases.

2. Existence and uniqueness: a fixed point equation

In what follows we will be denoting dF (x) = %F (x). In this section we will prove the
following result:

Theorem 2.1. Assume that F : [0, 1] — [0, +00) belongs to C™ ([0, 1]), m > 1 (the case
m = +00 is also included) and it satisfies
(i) F(x) 20ifx €[0,1]and F(0) = F(1) =0.
(ii) F is injective in a neighbourhood of x = 1. In particular, we have that F (x) < 0 if
x ~ 1.
Then, for any given real n > 0, problem (1)—(2) admits a unique monotone solution
f €10, 1) with f € C"™?([0, +00)). .
In addition, when 0F (1) = —=b <0, f(r) =1 — ;5 +o(r ) asr — +oo.

Remark 2.2. The functions F(x) = x?(1 — x2)4, p,q = 1, satisfy the hypotheses of our
result. In fact, our result is also true for the more general nonlinearities:

F(x) = Fo(x)M (x)(1 — x%)4, F(x) = Fo(x)M (x)exp <—ﬁ> , v>0

withg > 1, Fy(x) = x?, e’l/)‘ﬁ, p=>1,8>0and M(x) > 0ifx € [0, 1].
We would also like to stress that F' could vanish at some points different from x = 0, 1.
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Concerning the uniqueness of the solution to problem (1)—(2), we note that theorem 2.1
states that if there is a solution satisfying the boundary conditions in (2) such that it always
remains bounded with values between zero and one, then such a solution is unique. However,
the possibility of obtaining a solution satisfying the boundary conditions in (2) reaching
some values outside the region [0, 1] remains. In particular, it looks plausible to have more
than one solution to (1)—(2) for some nonlinearities. Indeed, if we consider for instance
F(x) = x(1 — x?)4, g being an even number, it is not difficult to guess that there seems
to be two different asymptotic expansions approaching one as r — +00. Nevertheless, the
following corollary provides a condition on the nonlinearity which ensures that there will only
be one solution to (1)—(2).

Corollary 2.3. Let F : [0, a] — R be such that F € C" ([0, a]), m > 1, for some a > 1 (the
case a = +00 is also included), satisfying the hypothesis in theorem 2.1. If there exists some
xo € (0, 1) such that 9F (x) < 0 forx € (xo, a), then problem (1)—(2) has a unique monotone
solution.

Proof. If the nonlinear term F is such that it is defined in [0, a], with ¢ > 1, and also
dF(x) < 0if x € [xg,a) for some 0 < xo < 1, it is not difficult to see that the solutions to
problem (1)—(2) are actually smaller than one, and hence the solution is unique. Indeed, let
us assume that there exists a solution reaching values greater than one. In such a case, the
smoothness of f along with the fact that the solution goes to one at infinity implies that f
should achieve a maximum at some point r, where f(r,) > 1, f'(r,) = 0 and f"(r,) <O0.
On the other hand, F(f(r,)) < 0 and thus,

/()

I

flr) +

nZ
- f("*)r—2 +F(f(ry) <0,

which yields a contradiction. O

Proof of theorem 2.1. The proof is separated into six steps.

Step 1. Derivation of an integral expression equivalent to (1). First of all we note that, since
F eC'([0,1]), F(x) > 0and F(1) =0, by the mean value theorem,
0K FA—x)< sup [0F(@)|x:=d - x. @)
z€[0,1]
We start by performing the change of function f = 1 — g and the change of variable
s = +/d r so the equation for g turns out to be

y g'(s) n? n? 1
8 (S)+T—8(S) <s_2+1>=_s_2_g(s)+EF(1_g(s))' )

To obtain a fixed point equation we note that the homogeneous equation corresponding to
keeping just the left-hand side in (8) corresponds to a modified Bessel equation which has two
well-known linearly independent solutions, namely 7, and K,, known as the modified Bessel
functions of the first and second kind, respectively. Hence, a fundamental matrix of solutions

reads
([ Ku(s)  L(s)
M‘(K,zm 1,;<s>>’

whose Wronskian is known to be W(K,,(s), I,(s)) = 1/s (see [1]). We denote the nonlinear

term by

nZ

1
RIgl(s) = =l +8(s) — EF(I —8(s)). ©)
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The variation of the parameters’ formula, along with the condition on g(0) =1 — f(0) = 1
and imposing g to be bounded at infinity, yields

2(s) = Kn(s) /O EL(EYRIGIE) dE + 1,(s) / K, (ORIgIE) dE,  (10)

g'(s) = K,’;(S)/O %‘In(S)R[g](S)dE+I,ﬁ(S)f EK,(§)RIgI(E)ds.  (1D)

These equations are actually decoupled, so one can focus only on the first one to use it as a
fixed point equation of the form g(s) = F[g](s) to prove the existence of solutions.

Lemma 2.4. Let F[g] be the nonlinear operator defined by

Flgl(s) = Kn(S)/0 Eln(E)R[g](S)d$+1n(S)/ EK,(§)RIg1(E) dé, (12)

with R[g] given by (9), and let X be the Banach space defined by
X ={g:J=[0,+00) — R*, g eC’(J), lim g(s) = 0},
with the usual supremum norm.
Let B| € X be the convex set given by
By ={ge X, suchthat 0 < g(s) < 1Vs € J}.
Then,
(i) If g € X, Flgl € C*().

(ii) The operator F sends B to itself: F[B;] C Bj.
(iii) If g € By, then F[g](0) = 1.

Proof. It is clear that F[g] € C*>(J) if g¢ € C°(J). We now need to check that F(g)(s) — 0 as
s — +o0o. This is seen upon using Hopital’s rule and the fact that the modified Bessel functions
at infinity behave like K,,(s) ~ € */7/2s, I,(s) ~ €*/+/2ms and thus K/, (s) ~ —e /7 /2s
and I’ (s) ~ e*/~/27s:

lim Fleles) = — lim (@RI 5K ($)RIgS)
Rt T o0 K/ (s)/K2X(s) I'(s)/12(s)
=2 11111 sRIGIS) K, ()1, (s) = 11111 RIg](s)

§—>+00

1
= lim (g(S) - gF(l - g(S))) =0,

provided g(s) — 0 as s — +o0.

Now we consider g € C%(J) such that 0 < g < 1. Then, in view of the hypothesis of
theorem2.1,0 < F(1—x) < d-x, so the functional R[g](s) = n2/s>+g(s) —d ' F(1 —g(s))
satisfies

n? n?
0< —2<R[g](8)< 1+—2,
s s

provided 0 < g < 1. Therefore,

0 < Flgl(s) = Kn(S)/O §1,(5)R[g1(§) d§ + In(s)/ £K,(5)RI[gl(5)dg

s n2 +00 n2
<Kn(s>/0 EIL(E) <1+§—2> ds+1n(s>f EK, (&) (1+§—2) de
= WK (), 1n(5)) = 1,



Structure and Gevrey asymptotic of solutions 2819

where we have seen that the modified Bessel functions K,, and I, are positive Vs € J and

satisfy
K n2
| ene (—2+1) de,
O o ) (13)
K —/ EK, () (’;—2+1> dé.

This proves that #[B;] C Bj.

We now show that the limitas s — 0% of F[g](s) isindeed 1, provided only that g is contin-
uous at s = 0*. In effect, if we use that K,,(s) ~ 1/2T(n)(s/2)7", I,(s) ~ (s/2)" 1/T(n+1)
and hence K (s) ~ —(n/2s)T'(n)(s/2)™" and I (s) ~ (n/s)(s/2)" 1/T'(n + 1), along with
Hopital’s rule, this gives

’
s1,

lirr(l) Flgl(s) = — lim

s—0

<S1n(S)R[g](S) _ SKn(S)R[g](S)>
K (s)/K2(s) 1,(s)/I3(s)
L ) I'(n) _

= lim (s Rlsls) =0 1)> =1

Therefore, 7 maps functions g € coJ) satisfying the boundary conditions g(0) = 1 and
g(s) — 0as s — +oo into continuous functions in J satisfying precisely the same boundary
conditions. ]

The following lemma states that the types of nonlinearities that are being considered in
theorem 2.1 may be bounded by a C? function with a set of properties that will be useful to
prove the existence of a solution to problem (1)—(2).

Lemma 2.5. Let F be such that it satisfies the hypotheses of theorem 2.1. Then there exist
Xxo > 0 and a function G with the following properties:

(i) GO) =0and F(1 —x) > G(x) if x € [0, xo].
(ii) G € C*([0, x01), 3G (xg) = 0 and 3G (x) > 0 ifx € (0, xo).
(iii) For any Xy € (0, xg) there exists a constant B > 0 such that if x € [0, Xo],

G(x) < BxdG(x), —x32G(x) < BAG(x).

In addition, if F(1 — x) > cx? for x ~ 0, the function G satisfying the above conditions may
be chosen to be of the form

G(x) =x1 (g —x).

Proof. We notice that if F satisfies the hypotheses of theorem 2.1, then there exists x; € (0, 1)
such that F(1 —x) >0and dF(1 —x) < 0if x € (0, x;]. We define now

G = (1 —bx)/x F(l—£)de,
0

with b = 1/x; > 1. We note that G(0) = 0 and G(x) > 0if x € (0,b7!). G € C*([0, 1])
provided F € C'([0, 1]). Moreover, as we have already pointed out, F (1 — x) is an increasing
function if x € [0, b~!], and thus

Gx) LU —=bx)xF(1—x)< F(1—x),
provided x € [0, b1, which proves item (i).
Now we deal with (ii). Note that

3G(x) = (1 —bx)F(1 —x) — bfx F(1—&)dE > (1 —2bx)F(1 —x) > 0,
0
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if x € (0, 1/(2b)). Moreover 3G (b~") < 0 which implies that there exists xo € (1/(2b), 1/b)
satisfying item (ii).
Finally we check (iii). As we have seen dG(x) > (1 — 2bx) F(1 — x), therefore,

Gx) L =bx)xF(l1 —x) <2x(1 =2bx)F(1 —x) <2x9G(x),
if x € [0, 1/(3b)]. Moreover, since d F (1 — x) <0,

—x3°G(x) = (1 = bx)xdF(1 — x) +2bxF(1 — x) < 2bxF(1 — x)
< =2bx)F(1 —x) <0G(x),

provided x € [0, 1/(4b)]. Item (iii) follows from the fact that both G (x)(xdG(x))~! and
—x3°G(x)(dG(x))~! are continuous at [1/(4b), Xo] provided %o € [1/(4b), xo). O

Step 2. Construction of a suitable sequence {g;} C Cco(J) satisfying gr+1 = Flgr]. We will
prove the following proposition:

Proposition 2.6. There exists gi.1 = F|gi] satisfying the following conditions:

(i) go € CO()), it is decreasing monotone and gy tends to 0 as s — +00.

(ii) gr € Biand 0 < gry1 < g < 1 forall k.

(iii) The family given by the sequence S = {g; : k € N} C C°(J) is equicontinuous at
J = [0,+00) U {+o0}. That is to say, it is equicontinuous for any s € [0, +00) and
furthermore, it is equicontinuous at +00 which means that for any ¢ > 0, there exists
so > 0 such that 0 < gi(s) < e forall s > so and for all k > 0.

We start by constructing a suitable function go. By hypothesis (i) and (ii) of lemma 2.5,
there exists xo > 0 such that F(1 —x) > G(x) for x € [0, x¢] and the function G satisfies that
G € C?([0, x0]), G(0) = 0, 3G (xp) = 0 and G (x) > 0if 0 < x < xo. We note that hence
G : [0, xg] — [0, +00) is an injective function. Let Xy € (0, xo) be such that it satisfies the
following two conditions:

G(xo)

Gdo) > 2. 8G () < 2LV

n2

(14)

Note that such a number, Xy, exists because of the continuity of both G, G and from the fact
that 0G (xg) = 0.

Next we state a technical lemma which is a consequence of the hypotheses on G stated in
lemma 2.5.

Lemma 2.7. Let a = G(Xy). For any C > 0, there exists a decreasing function gy :
[/C/a, +00) — [0, Xo] satisfying that

C o
= = G(@o(s)). (15)
)

Moreover,

(i) 8o € C*((\/CJa,+00)) and if s > /C/a, then 8r(s) < As~28(s) for some constant
A>0;

(i) n*(1 — g(v/C/a)) < /Clalgy(/C/a)l .

Furthermore, in the special case that G(x) = O(x?) as x ~ 0, g = O(s~¥9).
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Proof. Let C > 0. Since G : [0, xg] — [0, a] is a bijective function, the existence of gy is
guaranteed. Moreover differentiating the functions involved in expression (15),

2C ~ A7
_S—3 = aG(gO(S))gO(S)v
6C "

4

= 32G(80(5))(80(5))* + G (80(5))&( (),

which implies that g;(s) < 0ifs > +/C/a due to the fact that G (x) > 0if x € (0, Xo]. Also,
using that C = s2G(g,(s)), one has

Al _ 1 6G(§()(S)) a2 ~ N 2
go(s) = 3G o)) < 2 937G (80(5))(8y () > 7)

We next define s, = +/C/a and observe that go(sy) = X with Xy defined by
conditions (14). Now we are going to check that s ”’(s) < Agoif s > 5. We recall
that, according to item (iii) in lemma 2.5, if x € [0, Xo] then there exists some constant B such
that BxdG(x) > G(x) and we observe that, from (16),

2G(80(s))

180(s)s| = GG < 2Bgo(s). (13)

Indeed, again by item (iii) of lemma 2.5 one has that there exists a constant B > 0 such
that —x3>G(x) < BAG(x) if x € [0, X]. Hence, using expression (17) for g/, along with
BxdG(x) > G(x) and (18), yields

Al 6B B 6B 4B3
0( s) < 2 gO(S) + go( )(go( ))2 > go(S) + —go( )= g(;(zs)’

which concludes the proof.

We now prove item (ii) in the lemma. Since Xy = go(s,), with X satisfying conditions (14),
26(o(s) _ 26Go) _
3G (go(s»))  3G(ko) ~

Finally, it is now straightforward that if G(x) = O (x9) as x — 0, then go(s) = O(s=%)
as s — +o0. O

> n*(1 = 2o(s4)).

|S+§o(s+)| =

Lemma 2.8. There exists a decreasing function gy € By such that g1 = Flgo] < go and
go(s) —> O0ass — +oo.
Moreover, if G(x) = O(x?) as x ~ 0, then go(s) = O(s~2),

Proof. In order to shorten the notation we introduce the operator
h'(s) n? n2 1
HIA](s) = ——h( ) —+1 2 +h(s)—EF(l—h(s)). (19)

We take C > 0 large enough and gy as in lemma 2.7, satisfying Cs =2 = G(go(s)). First
we are going to check that if s > \/C/a then

8o (s) + H[&ol(s) < 0. (20)
Indeed, we recall that by hypothesis (i) of lemma 2.5, F(1 — x) > G(x) if x € [0, xo]. By
using lemma 2.7, we find that

2 1
20(5) + Hgol(s) < g(;(j) + 5551 = 0(s) = 2 G Go(s)
=s2d7'[(A+n*d — C1 <0, (21)

upon taking C > (A +n?)d.
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We now define the straight line
8+(s) = go(s+) + (s — 5480 (54), (22)
where s, = /C/a. It is clear that g,(s;) = go(ss) and g,(s,) = g,(s+) and that
g+(s-) = 1 with
1 — go(s4)
186l
and it is straightforward to check that s_ € (0, s.) simply using item (ii) of lemma 2.7. Finally,

ifs € [s_, 5], using again item (ii) of lemma 2.7 along with the factthat 1 = g,(s_) > g.(s) >
g+(sy) = go(sy), we have that

(23)

S_ =S,

i 2 2 1
g/(s) + gf) — g.(s) (’;—2 + 1) + 2—2 +84(65) = S F(1 = 8.(5))

g(/)(s+)

n2
< + s—2(1 — 8+(s)) <0. (24)

Here we have also used that, by means of hypothesis (i) of theorem 2.1, F (1 — x) > 0.
Finally we define gy € C'(0, +00) as

1 s < s,
go(s) = 1 8+(s) s s < sy, (25)
8o(s) 5> 8.

We note that g is decreasing and actually, by construction, gy € C'((s—, +00)), go(s_) = 1,
lim;_, +00 go(s) = 0 and by (20) and (24), if s > s_ and s # s,

FAQ) n? n? 1
— 8o(s) (s_2+1)+s_2+g0(s)_EF(I_gO(S)) <0. (26

8o (s) +

We claim that g; = F[go] < go. Indeed, it is clear that if s < s_, then g; < 1 = go(s).
Therefore, we can restrict ourselves to prove the inequality when s > s_. We introduce the
linear differential operator

/ 2
LIR() = 1" () + @ Ch) ('Z_Z . 1) .

First we observe that upon integrating by parts,

b
— / EB,(§)LIR(E) dE = —EH (§) B, (5)I% + En(E) B, (8)|L,

with either B, = K, or B, = I,. Thence, using definition (25) of gy and the fact that, by
property (26), R[gol(s) < —L[go](s) if s # s_, s, one obtains for s_ < s < s,

21(5) = Flgol(s) < Kn(s) /0 CELERIE) dE — Kals) / E1,(5)LLg,1(6) d

— () / " EKL (LI 1(E) dE — 1,(s) / £K,(6)LI201(6) dé
< g+(s) + Ky (s)1, (s_)s_gﬁr(s_)
< 8o(s).
Analogously one can deal with the case s > s,. |

Thus far the first result in proposition 2.6 is proved. The following lemma proves the
second item in proposition 2.6.
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Lemma 2.9. Let gy be the function obtained in lemma 2.8. Then, the sequence gi+1 = Flgr] C
By and it is decreasing, i.e. gi+1(s) < gr(s) forall s € J.

Proof. We observe that since gy € Bj, then by lemma 2.4, g, € B;. We define the smooth
function H(x) = x — d~'F(1 — x). For d large enough, H'(x) > 0 and hence, since
0 < g1 < go < 1,R[gi1](s) < R[g2](s). Therefore,

82(8) = Flgi1l(s) < Flgol(s) = gi(s),
and the result follows for all k£ by induction. ]

Finally, we prove the equicontinuity of the family S = {g;} fors € J = [0, +00) and also
the equicontinuity at +o0. If sg € (0, +00), the equicontinuity of the family S at sy follows
straightforwardly from the fact that K,, and I,, are continuous along with the definition of the
operator F.

The equicontinuity at +oo is also a straightforward consequence of the fact that
0 < gr < go and that gy — 0 as s — +o0.

It only remains to ensure the equicontinuity at so = 0. Let ¢ > 0, since F[g](0) = 1,
one just needs to check that 0 < 1 — F[gr](s) < &,if 0 < s < §. Indeed, using (13) and the
fact that 0 < gr(s) < 1,

g 1
1 = Flgul(s) = Kn(S)/O §1,(5) (1 — @)+ 2 Fd - gk(é))) 3

1
+1(s) §K,(8) (1 —&@)+ - F( —gk(é))) 3

< Kn(S)/O Sln(é)dé+1n(5)/ £K,(§)dE

provided that, by definition (7) of d,d - x > F (1 — x). Equicontinuity of the family S = {g«}
at s = 0 follows now immediately upon the fact that

lim (Kn(s)/o Eln(E)dE+1n(S)/ EKn(E)d%'> =0.

Step 3. Existence of a C"*?(J) solution of the fixed point equation g = F(g). We
will use the Ascoli-Arzela theorem. However, in our case, the family of functions is not
defined on a compact set since the domain is J = [0, +00). We can get around this by
performing the bijective change of variables s = ¢(t) = 1/(1 — ¢) which maps [0, +00)
into [0, 1] and considering instead the sequence h;(t) = gk(ﬁ). Since the family {g;}
satisfies the equicontinuity condition given in item (iii) of proposition 2.6, the sequence {/}
is equicontinuous at [0, 1] (and uniformly bounded) and hence we can apply the Ascoli—
Arzela Theorem to {h;} and get a partial subsequence which is uniformly convergent at [0, 1].
Therefore, the sequence {gx} has a partial subsequence uniformly convergent at J = [0, +00).
Let g7 = limy_, 400 &n,, it is thus clear that g~ = F(g~) and therefore this is the solution to
the fixed point problem that we were searching.

So far we have only proved the existence of at least one continuous solution to problem
(1)—(2). However, by writing this solution in terms of the fixed point equation (10), we have
also proved that it is actually C"*?(J). Therefore, if m > n, f may be expressed as a Taylor
series around = 0 which is readily found to be of the form

f@r) =a,r" +o(r"), (27)

where «,, is a priori unknown, and, as we shall show, depends on degree n.
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Step 4. Monotonicity of the solution g= = F[g™] = limy_ i gk. We recall that, by
construction, gy is a decreasing function. Hence, in order to prove that our solution is also
decreasing, we just have to check that the operator F conserves the monotonicity. To this end
we introduce the functions

s nz +00 n2
o1(s) = Kn<s>/0 1O de + Ms)f Kue) e

() =1 —qi(s) = Kn(S)/O §1,(5)dg +1n(S)/ £K,(8)dé.

Lemma 2.10. The function ¢; is decreasing, and hence ¢, is increasing and both of them
satisfy 0 < ¢1(s), p2(s) < L.

Proof. We deal first with the statement for ¢;. Itis clear that 0 < ¢;(s) < 1. We now consider
the second-order differential equation:

2 2
()+¢—()— ()<—+1)+”—2=0.
N

We observe that ¢; is the unique solution to the above equation, bounded in [0, +o0). We
further note that ¢ (s) satisfies the second-order equation:

1 2n?
0(s)" + *"() ()(”+ 1)—%(1—¢1(s>>=0,

which, upon writing v = +/n% + 1, may be expressed as
2

s 2
¢'(s) = —KV(S)/O Elu(é)%( —@i(§)dE -1, (S)/ £K, (E) 53 (l —¢1(8)) dé,

from where it becomes clear that it is negative provided ¢;(s) € [0, 1]. This proves the
statement for ¢, so the fact that ¢, = 1 — ¢; completes the proof. O

Now we will check that if & € Bj is a decreasing function, F[h] is also decreasing.
Indeed, it is clear that if 4~ € B is a decreasing function, then the function 7[h](s) :=
h(s) —d~'F(1 = h(s)) is also decreasing. Moreover, 0 < 7[h] < 1 provided 0 < & < 1 and
according to hypothesis (i) of theorem 2.1. Hence, since K, < 0 and I, > 0, we have that
2

Flh] = K(s)/ £l, (5)(E +Th]<s>) de

2
Y (s)/ éKn@(g +T[h](€)> de

< @1(5) + T(h)(s) (K,Q(S) / £1,(5)d§ +I,§(S)/ EKn(E)dS>

= @1 (8) + T (h)()@5(s) < @) (s) + @5 (s) = 0.

This shows that the operator F conserves the monotonicity. Thence, since gy is a decreasing
function, the rest of the functions in the sequence, g, which are obtained by g;+1 = F[gl,
are also decreasing and consequently their limit function g = F[g] is indeed a decreasing
function.

So farithas only been used that F' € C%([0, 1]) and thatitisa Lipschitz function. However,
in what follows we will use that at least F € C' ([0, 1]) to prove uniqueness.

Step 5. Uniqueness of the solution. To prove the uniqueness of the solution we will use the
following comparison lemma for ODEs several times, which can be found in [34]:
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Lemma 2.11 ([34]). Let (a, b) be an interval in R, let @ = R? x (a, b) and let H € C' (2, R).
Suppose h € C*((a, b)) satisfies h"(r) + H(h(r), h'(r),r) = 0. If 3 H < 0 on Q and
if there exist functions M, m € C>((a, b)) satisfying M"(r) + H(M(r), M'(r),r) < 0 and
m”"(r) + Hm(r), m'(r), r) > 0, as well as the boundary conditions m(a) < h(a) < M(a)
and m(b) < h(b) < M(b), then for all v € (a, b) we have m(r) < h(r) < M(r).

Lemma 2.12. Let f be a solution to

2
)+ f( ) n2+F(f(r))=0, (28)
satisfying that f(r) € [0, 1) for r > 0 and the boundary conditions f(0) = 0,
limy oo £() = 1.
Then:

(i) There exists ro > O such that f is strictly increasing at [rq, +00), in particular f'(r) > 0
if r = ro. Consequently lim,_, .o rf'(r) = 0.
(ii) Foranyr > 0, rf'(r) —n®>f(r) <O.

Proof. We start by proving (i). We note that f” is a solution of the linear equation

2 2
o'+ 22 ‘” D o) 2 f )+ O F () =0,
satisfying the boundary condltlons limg_, 100 @(s) = 0, (0) = 0if n > 2 and bounded at the
origin if n = 1. Since f(0) = 0, lim;_ 400 f(r) = 1 and 0 < f(r) < 1, it is clear that, for
all R > 0, there exist rg > R such that f'(rg) > 0. Let R be such that dF(f(r)) < 0 if
> R (such R > 0 exists because f(r) — 1 asr — +oo and thanks to hypothesis (ii) of
theorem 2.1). We may apply lemma 2.11 with (a, b) = (rg, +00),

¢'(r) "(r) Z 4 1 2n?
H(p(r), ¢'(r),r) = " —o(r ) + —f(r) +OF(f(r)e(r),

and m(r) = 0 to obtain that f'(r) > 0ifr > rp. Now we are going to prove that f is strictly
increasing. Indeed, assume that there exists rg < r; < rp such that f(r;) = f(r,) then, since
f'(r) = 0if r > rg, we have that f'(r) = 0if r € [ry, r,] which implies that f is constant in
[r1, r2]. In such a case, since f is a solution of (28), f = 0 which gives a contradiction.

Now we check that the second property holds. We define h(r) = rf'(r) — n? f(r). On
the one hand, it is clear that #(0) = 0, and hence if there exists r; > 0 such that 4(r;) > 0, we
can assume that 4'(r;) > 0. On the other hand, since f is a solution of (28) we have that

2
! " / ! n !
W) =rf"(r)+ f'(r) =n*f'(r) = f(r)T —n* f'(r) = rF(f(r))
hr) 5 :
= ——= — (" = Df') = rF(f ().
Finally, evaluating at r = r; one obtains 4’(r;) < 0 which gives a contradiction.

If h(r) < O for r > 0 and there exists r; > 0 such that h(r;) = 0, it is easy to check that
h'(r;) = 0. In this case, we have that f(r;) = f'(r;) = 0 which implies f = 0 provided f
is a solution of (28) and also because of the uniqueness of solutions of the Cauchy problem
forry > 0. O

Lemma 2.13. Let f be a solution of (28) satisfying f(0) = 0 and lim,_, 1o f(r) = 1. Then
the translated function for a > 0 deﬁned by f,(r) = f(a+r) satisfies

f”()+f()—fa() + F(fa(r)) <0, r € [0, +00).
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Proof. We note that f, is a solution of the second-order differential equation

/ 2
£y + 229 gy "

r+a (r +a)?

+ F(fa(r)) =0.

Then,
/ 2 1 1 2 2
7o+ 10 s F e = 10 (— - ) A (”— ”—)

r r+a r2  (r+a)?

= ;[afa’(r)r(r +a)— anzfu r)2r+a)]

r2(r +a)?
a !
= e ap T o) = 207 fu ()] = an® fu (),
and the lemma is proved using item (ii) in lemma 2.12. ]

Let now f*, f~ be two solutions of (28) satisfying the boundary conditions f*(0) =
F7(0) = 0,1im, o £7(r) = Tim, sy f~(r) = 1.

To prove uniqueness of the solution we will explode a very useful technique, namely the
sliding method, which was introduced in [5] and it is also used in [12]. We start then by
considering the translated function

Ja(r) = fla+r), a >0, (29)
and we consider the sets

U ={a>0:f7(r)= fT(r), r =20} C (0, +00),

Ut={a>0:f(r)= f"(r), r =0} C(0,+00).
We will see that the sets U* are (a) non-empty, (b) open and closed and therefore U+ =
(0, +00). We note that this implies the uniqueness of the solution.

We begin by proving that U is non-empty. Concretely we will prove the following:

da >0 such thata € U <

da >0 such that f, (r) > f*(r), r>0. (30)
Since lim, 1o f*(r) = 1 and 9F (x) < 0if x ~ 1 (hypothesis (ii) of theorem 2.1), there
exists r; > 0 such that dF(f*(r)) < 0if r > r;. Moreover, since lim,_400 f, (r) = 1
and by item (i) of lemma 2.12 we can choose a > 0 such that f is a strictly increasing
function, 0F(f, (r)) < O and f, (r) > f*(r) if r € [0,r]. Now we are going to prove
that £, (r) > f*(r) if r > ri. In effect, we define Af = f — f* and we note that, by
lemma 2.13,

Af'(r) n>  F(f*(n) = F(f; (1)
r

A R G

Af(r) <0. (31

We next introduce
F(f* —F(f~
ey = FEO) = FU o))
Jfa (r) — fH(r)
and we note that, with the choice of a and r{, D(r) > 0if r > r;. We consider then the linear
differential equation

1
—/0 IF(fg (N +A(fT(r) = f (r)))da,

/ 2

P o~ D) =0,
r r

and we observe that Af (r) = f,(r;)— f*(r;) > Oandlim,_, ,,c Af(r) = 0. Hence, by (31),
we can apply lemma 2.11 to the solution ¢ = 0 and we obtain Af > 0ifr > r;. Now we have

Q" (r) +
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already proved that f,” > f™, but we note thatif there exists ro > Osuch that £, (ro) = f*(ro),
then for any ¢ > 0, we have that £ (ro) = f~(a+e+ry) > f~(a+ro) = f*(ro) provided
that f~ is strictly increasing in [a, +00), which proves (30).

The following step is to prove that, for a > 0,

fa @) = [T, rz20= f,(r)> f'@r), r > 0. (32)

We note that f,” and f* cannot be identically equal simply because f, (0) > 0 = f*(0). Let
us then assume that there exists r( such that f,"(ro) = f*(ro). Then, (f,) (r0) = (f*) (ro)
provided f,~ > f*. Therefore, we have that, on the one hand, by Taylor’s theorem, for r ~ ry,

(r— ro)2

o) = 7)) = ((f;)" (ro) = (5" (ro)) +O0((r —ry)* =0,

which implies that (f,7)"(rg) — (f*)"(ro) > 0. And on the other hand, assuming f, (ry) =
f*(ro)and () (ro) = (f*)'(ro) and taking into account lemma 2.13 one obtains

(f )(ro) NS

0> (f)'r)+—"——— 1, (ro)r—2 + F(f, (r0)) = (f;)"(ro) — (f )" (ro),
0

which gives a contradiction.
We now prove the last step. That is we will check that U is open (U closed is immediate):

freff=f..=r if |¢| is small enough. (33)

Assume that f,- > f for some a > 0. By (32) we have in fact that f, > f*. Letr; > 0
be such that dF(f*(r)) < 0if r > r; (as usual we have used that F is decreasing in a
neighbourhood of x = 1). It is clear that, since f,” > f*, we also have that d F (f, (r)) < 0
if » > r;. We introduce the positive quantity

b= mm f ) — fr@r) >0,

relo,

and let |¢| < a/2 small enough such that

max 1) = S 0] < 5

Then we have that, if r € [0, r{],

Jare@®) = 7)) = fore ) = fo () + £ (1) = [7(r) = 5 > 0.

We have already proved that f,o (r) > f*(r) if r € [0, r]. It only remains to check that
foze) = f*(r) if r > ry, but the proof of this fact is completely analogous to the one used
to prove (30).

Step 6. Behaviour at infinity of f for generic nonlinearities F € C' ([0, 1]).

Lemma 2.14. In the generic case 0F (1) = —b < 0, the solution f(r) =1 — n +o(r~?) as

b 7
r — +00.
Proof. We write f(t) =1— f(t/+/b) and we just have to check that f(t) satisfies
lim tzf(t) =n>
t—+00

We first point out that, when 0 F (1) < 0O, then by lemma 2.5, one can take G of the form
Gx) = —x — x2. Therefore, since g(s) = 1 — f(s//d), by lemma 2.8 and step 3,

f)=g@ty/d/b) = Jim g (ty/ d/b) < gty d/b) = o).
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We also have that f () satisfies the differential equation

~, f’(t) ~ n? n? 1 ~ ~
fro+ p —f(f)<1+t—2)+t—2—E[F(l—f(f))—bf(l‘)]=0,

and (following step 1) may be written in terms of the fixed point equation

F) = 01(0) + Kn0) /0 ELERLFIE) d& + 1,(1) / EK, (ERIFIE] de,

where ¢ (t) was introduced in lemma 2.10 and

~ 1 ~ ~ ~
RLfI) = _E[F(l — f@0) =bfO]=o(f(1) = o0(t?).

It is easy to check, using Hopital’s rule along with the behaviour of the modified Bessel
functions I, and K, at infinity, that

lim ¢ (r) = n.
—>+00
As for the remaining part, since R[ fN](t) = o(t72), it is also straightforward that

Jim (ranm /O EL,ERLTIE) A& +121,() / éKn(sm[ﬂ@ds):o.

Again one must use here a combination of Hopital’s rule and that the modified Bessel functions
at infinity behave like K, (s) ~ e™*/m/2s, I,(s) ~ e*/+/2ms. After having proved this, it
becomes clear that f(r) = 1 — n?/(br?) + o(r~2).

Remark 2.15. Assuming the hypotheses of the previous lemma hold, we note that if F' €
C2([0, 1]) and one applies Taylor’s theorem, then

2 2

f(r)’rl—2 — F(f(r) = % +b(f(r) = D)+ 01 = F(r)D) + 021 = £()).

Therefore, by the previous lemma, f (Hn?r~' = rF( f@r) = O@r~3). Moreover, since
(rf'(r)) = n*r~ f(r) — rF(f(r)) and item (i) of lemma 2.12 provides that rf'(r) — 0
as r — +00, one obtains

+00 2
0= | O - EF(GE)aE =06,
This concludes the proof of theorem 2.1 g

Some remarks on the hypothesis. 'To complete this section we give some comments regarding
the optimality of the hypothesis:

(i) Lemma 2.5 also holds provided F e C°([0, 1]) and F(1 — x) > 0 for x ~ 0. Indeed, this
is clear by choosing

/x(l—bu)/uF(l—é)deu,
0 0

where b = 1/x; with x; such that F(1 —x) > Owhen 0 < x < x;.

(i) To prove the existence, monotonicity and regularity of the solution f it is just required
that F € C°([0, 1]), F(1 — x) > 0if x ~ 0 and that F is Lipschitz.

(iii) The full set of hypotheses is only necessary in order to obtain the uniqueness of f.
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(iv) F e C°([0, 1]) seems not to be a sufficient condition to guarantee even the existence of a
solution. For example, let us consider F(x) = x!/¢(1 — x?) and equation

/ 2
S _ ’:—zfm +F(f(r) =0,

forn > 2 and £ > n/(n — 2). Formally, if f is a solution to this equation satisfying
£(0) =0, then f(r) ~ ar™ + o(r™), since f € C2([0, +00)), for some « and m. If one
now substitutes this expression into the equation, one gets

f//(r) +

r

Ol(m2 _ n2)r17172 +a1/5rm/£ — o(rm72) +0(rm/f).

It is now clear that either m — 2 < m/{, in which case m = n yielding a contradiction, or
m—2 =m/f and m*> —n* < 0 (recall that @ > 0), in which case one finds £ < n/(n —2)
giving again a contradiction.

3. Exponential smallness of «,,

In this section we focus on the behaviour at the origin of the solution f to

flay n?

f”(r)+T — 2/ +F(f() =0,

with boundary conditions (2). We are actually going to prove that lim,_o ™" f (r) = o, exists
and we will show that indeed «,, happens to be exponentially small in parameter n.

Lemma 3.1. Under the hypotheses of theorem 2.1, o, = lim,_.o f (r)r—" satisfies that
0<a, < LIRS <1 +0 (L>>
T2l (d+1)218 n3) )’
where d := sup,.(o 1) |0 F (2)| as defined in (7).

Proof. First we note that, since F'(0) = 0, by the mean value theorem,

0K F(x) < sup [0F(2)|-x=d - x.
z€(0,1]

We perform the change f(s/~/d) = h(s) and we recall that & satisfies the equation

/ 2
W) _ Zoh(s)+d™ Fh(s)) = 0.
S

K (s)+
s

We shall apply lemma 2.11 in order to bind our solution 4. Thus, we define

W(s) n?

HH (s), h(s),s) = — s—zh(s)+d_1F(h(s)).

Let (a,b) = (0,n) and M(s) = CJ,(s) with C = h(n)/J,(n) and J, the Bessel function.
We have that 9, H(h'(s), h(s),s) < 0if s < n and M satisfies h(0) = M(0) = 0 and
h(n) = M(n). Moreover

M"(s) + H(M'(s), M(s),s) = —CJ,(s) +d" " F(CJ,(s)) <0,

provided 0 < CJ,(s) < h(n) < lifs < n (see[1] and definition of d). Hence by lemma 2.11,
h(s) < CJ,(s) if s < n. Therefore,
f() h(di N e

o, = lim = lim
r—0 r" r—0 r

(V) d"?
lim =C .
r—0 7" 2"n!
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It only remains to estimate C = h(n)/J,(n). Itis clear that #(n) < 1 and, moreover, it is also
known [1] that

21/3 1
Ju(n) = —32/3F(2/3)n1/3 <l +0 (m)) .

Using these estimates we obtain

C<n1/332/3F(2/3) 140 1
ST )
and therefore,

1/3dn/2 32/31" 2/3 1
oy < (/)<1+0< )) O

2npl 21/3 n4/3

4. Formal solution at infinity and Gevrey estimates

In the rest of this work we focus on the generic case d F'(1) < 0 and F an analytic function in
a neighbourhood of x = 1. As a particular case, the well-known Ginzburg—Landau equation,
which corresponds to F = f(1 — f?), is included. This equation first arose as a model for
phase transition problems in superconductivity, and later on was also proved to be a good
model in many other systems such as in superfluidity or nematic liquid crystals among others
(see [21,22,28]).

There are a number of works in the literature dealing with this equation that prove the
existence, uniqueness and monotonicity of solutions. However, the structure of such solutions
at infinity has not been carefully studied before, despite the fact that on many occasions it was
necessary to use some estimates on, for instance, the rate of growth of f at infinity. The goal
in this section is hence to derive a formal expansion of the solutions of equation (1) at infinity
and in particular to show that there exists a unique formal solution that tends to one at infinity.
Furthermore, we shall show that this formal solution is 1-Gevrey (see the appendix).

Proposition 4.1. Let F : U C C — C be an analytic function satisfying the hypotheses of
theorem 2.1. Assume that there exists § > O such that Bs = {z €e C: |1 —z| <8} Cc U. If
dF (1) = —b < 0, given equation

oy, L0 _
flry + === S f()+ F(f(r) =0, (34)

there is a unique formal solution of the form

for=1+Y 5.

k>1

such that f is an asymptotic expansion of 1-Gevrey type, that is
| < €2k,

with C > 0 and adequate constant.

Proof. To prove this proposition we first construct recursively the asymptotic expansion,
afterwards we show that all the odd terms in the expansion vanish and finally we show that the
series is of 1-Gevrey type.

To clarify the exposition, we will deal with k() = 1 — f(t~!). If f is a solution of (34)
then / satisfies

R @) + 20 (1) — n*t*h(t) +n*t*> — F(1 — h(t)) = 0. (35)
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We emphasize that the formal series f (r) = Zk>0 is a formal solution of (34) if and only
if ﬁ(t) =1- Z@o ait* is a formal solution of (35). Moreover, f is 1-Gevrey at infinity if
and only if his 1-Gevrey at the origin (see the appendix).

Construction of the formal asymptotic expansion. We first start by posing the expansion at
the origin given by

h(t) =" axt*,

k>0

and we define the truncated series

N
hy(t) = Zaktk.
k=0

We have kept the same notation for the coefficients a;,. We also introduce F; =
(=D¥kNH~'9*F (1) and we note that Fy = 0 and

+00
F(1—-2)= Zszk.

Finally we consider the truncated error

En(t) = t*h3 (t) + Phly (1) — 0?2 hy (1) +n*t* — F(1 — hy(1)). (36)
In the case N = 2 we obtain E,(t) = O(t*) simply by taking

0 "

ay=a; =0, a = —.

0 1 2 Fi
Letey = 3N Ex_1(0)/N!. We claim that if ay = ey/F) for N > 3, then Ey(t) = O(tV*).
Indeed, we proceed by induction. Assume that by taking ay = a; = 0,a, = n*/F),
as,...,ay_1 as ap = e;/Fy, the truncated error of order N — 1 satisfies Ey_1(t) =

ext™V + O@N*1). Then, writing hy (1) = hy_((t) + ayt”,

En(t) = Ey_1(1) +t"Pay(N* —n®) + F(1 — hy_1(1)) — F(1 — hy (1)),
and using
F(I=hy(®)) = F(1=hy_1(1) = Y Felhly_ () = (hy—1(0) + ayt" )]

k>1

= —Fiayt" + 0@V,
we obtain that

En(t) = (ey — Fiay)t™ + 0™,

which implies that taking ay = ey/Fi, the truncated error, which has been defined in (36),
satisfies Ey (1) = O@N*).

It only remains to obtain an iterative formula for ey = 8tN En_1(0). Such formula is a
straightforward application of the Faa di Bruno formula which we recall here: let f and g be
two C**° composable functions, then

D¥ (f o g)(z) D' f(g(z)) [D"g(2), ..., DMg(2)]
Z Z ! kil k! '

(37

k]+ +k1 k
1<k;
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Applying Faa di Bruno to obtain alN (F o (1 — hy—_y1)), taking into account that hy_(¢) =
axt> + - -+ ay_1tV 1 and the definition of Fy, we obtain

N
ey =ayo(N=22=n)=>" Y Fe-(a, - -a). (38)
k=2 4t =N
2L <N -1
Now we are going to show that the asymptotic expansion has only non-vanishing even
terms which is equivalent to seeing that e;y+; = 0. Recalling that a; = e; = 0, we shall again

proceed by induction and start by assuming that e;¢,; = 0 for £ < N. Therefore, (38) yields

2N+
Ny = — E E Fr-(a - - -ay).
k=2 ) fdl=oN+1
2L <N

Ifly +---+[; = 2N +1, then some /; must be necessarily odd, therefore, by induction, a;, =0
which unphes €2k+1 = k+1 = 0.

The formal series is 1-Gevrey. First we introduce some notation. We denote A =
sup,g, |F(z)|. Since F is analytic in B;s, we have

Y F(1)| = |FyIN! < A-8 VNI (39)
We now fix Ny > n large enough such that
Ae?’ | Fy|
< —. (40)
No 2
To show that this expansion is 1-Gevrey, we must now prove that |a,y| < B - D* . (2N)!
for some constants B, D > 0. Recall that ay,; = 0. It is clear that a;, fori =1, ..., N,

satisfy this growing condition upon taking appropriate constants. Moreover, it is also clear
that this growing condition is equivalent to

jaav| < CPN@N)Y, YN > 1, (41)
with C > max{BD, B~'D, /2/[F}]} (this definition of C will be used later on). As for
N > Ny, we proceed by induction, we assume that the terms a, . . ., ax(y—1) satisfy property
(41) and we show that so does the term a,y = exn/F). We will follow the strategy in
lemma 3.6 in [3]. We use the simple fact thatif b < ¢, then (a +b)!c! < (a+c)!b!, henceforth
ifmy+---+my =2N and [; > 2, then we deduce

mpleomp! <25TQN =2k — D)L
Moreover, it is also known that

N -1
g{l + + N:L; >1} (k—l)

Therefore, using bound (39) of F}, formula (38) for e, and taking into account that ay+; = 0,

N
1
|Fiaon| < CPN 22N = 2)I[2N —2)* — 0]+ ACTN ) 0 @t @)
k=2

lLi+-+l=N
1<LEN-1

2N-2 2 Ach I 1Nk N -1
<C 2N —2)!2N —2)“ + > ;(28 Y@2N —2(k — 1))! L—1

1
< CNZON —=2)I2N =22 + A czN(zN!)Nez/ﬁ,
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where in the last inequality we have used that

N—1 2N — 1)!
<47
k—l)\4 k!

Then, by definition of C and Ny and taking into account that N > Ny,

(2N —2)? N Ae?/?
C2|Fi|2N(2N — 1) |Fi|N
and thus (41) holds. U

QN —2(k — 1))! (

lasy| < C*N (2N)! ( ) < CNQN).

5. Solution at infinity, Gevrey asymptotic

In this section we analyse the solution of equation (34) with boundary conditions f(0) = 0,
lim,_, ;00 f(r) = 1, for large values of the radius. We shall a1§o show, in what follows, that
the solution f is 1-Gevrey asymptotic to the formal solution f(r) = Z/@o air 2k obtained
in the previous section in some sectors of the complex plane. That is, if r — +00 belongs to
some appropriate sectors in the complex plane, then

N1

k

r2N (f(r) -y er) < BAPNQ2N)!,

k=0

for some constants A, B independent of N. We refer the reader to the appendix where the
Gevrey-asymptotic concepts are explained. As a consequence, we now show that this solution
is not only real analytic for large enough values of r, but can further be analytically extended
to some sectors of the complex plane.

There are some related results regarding the regularity of the solutions of partial differential
equations in a more general setting in open (even not bounded) sets [17,20]. Such results,
applied to our problem, prove the real analyticity of the solution f in (ry, +00) for some ry > O.
However, to our knowledge, the Gevrey asymptotic at infinity for the problem considered in
this work, has not been studied before in the sense described above.

We want to mention here that there are many works tackling the global Gevrey regularity
and decay at infinity of solitary waves of semilinear equations of the form Au = F(u), see for
instance [7, 8, 13, 14]. In addition, the results in [36, 37] deal with the Gevrey asymptotic (with
respect to the perturbation parameter) for singularly perturbed analytic ordinary equations.

We first start by giving a previous definition and then state the main result in this section.

Definition 5.1. Given 8, p > 0, the sector of radius p and opening § € [0, 7] is given by
SB.p) ={z€C:z] > p, larg(z — p)| < B}.

Theorem 5.2. Let F : U C C — C be a function satisfying the hypotheses of theorem 2.1.
Assume that there exists § > 0 such that Bs 1= {z € C : |1 —z| < 8} C U, that F is analytic
in Bs and that

dF(1) = —b < 0.

Then, for all B < /2 there exists ry > 0 large enough such that the unique solution f of
equation

f'(r)

r

fr) +

n2
— RSO+ Ff) =0 (42)
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with boundary conditions f(0) =0y lim, .o f(r) =1

(i) is real analytic in [ry, +00) and can be analytically extended to the sector S(B, ro) and it
satisfies
sup [r2(1 = f(r)] < A
reS(B,ro)
for some positive constant A.
(ii) Moreover, f is asymptotic 1-Gevrey to the formal solution f obtained in proposition 4.1
in the sector S(B, ro).

In what follows we will assume, without explicitly mentioning it, that the hypotheses of
theorem 5.2 hold.
In order to prove this theorem, we need some previous results. As we did in step 6, let
g(s) = 1 — f(s/~/b) be the solution of
g'(s) n? n* 1
—g(s) =g(S)s—2 - s_2+E[F(1 —g(s)) — bg(s)], (43)

s
such that g(0) = 1 and lim,_, 1o, g(s) = 0. According to proposition 4.1, there exists a unique
formal solution ¢ = Y-, bes ™ of (43) that is of 1-Gevrey type. This formal solution, as
we show in what follows, is the asymptotic expansion of a set of functions defined not only
on the real line, but also on a sector in the complex plane, that satisfy equation (43) up to an
exponentially small quantity.

g'(s) +

Lemma 5.3. Forall B < 7w/2, there exists p > 0 large enough and afunctiong : S(8, p) —> C
such that

e g is asymptotic 1-Gevrey to the formal expansion g(s) = Zk>2 brs 2.
e g satisfies

. g'(s) . _oonr o nr o1
E(s) =g"(s) + — g(s) — g(S)s—2 7

peimi Ul g(s)) —bg(s)], (44)

where E : S(B, p) — C is such that
sup [E(s)exp(clsD| < «,
seS(B.p)

for some constants c, k > 0.

Proof. Let0 < B < B < m/2and p > p’ > 0. Itis clear that S(8, p) C So(B’, 0)
(see the appendix for the definition of S, sectors). The first part of the lemma follows from
the Borel-Ritt—Gevrey theorem (see item (i) of proposition A.5), which states that, given a
1-Gevrey asymptotic expansion g and a sector S, (8, p’), there exists a function, g, analytic
in Sy (B, p’) that is 1-Gevrey to this formal expansion g.

As for the residue, E(s), we will prove that E = 0 (see the appendix for the definition).
In that case, by item (ii) of proposition A.5, there exist ¢, k > 0 such that,

sup |E(s)exp(cls|)| < k.
seS(B.p)

We observe that, there exists a closed sector @ of S (B’, p") such that S(8, p) C @

Now we are going to check that £ = 0. First, we introduce h(t) = g(t’l) and we notice
that & satisfies the differential equation

R + 2R (1) — h(t) = n*t*h(t) — n*t> + ll][F(l — h(t)) — bh(t)]. (45)
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As we pointed out in the proof of proposition 4.1, the formal power series h(t) = > >1 bt is

a formal solution of equation (45). Recall that g(s) = Zk>1 bys~%. Moreover, Z(l) ()
satisfies the equation

PR + 51 () — h(t) = n22h(t) — n?? + %[F(l —h(t)) —bh(O]+ E@™Y,

where E is the residue, and by proposition A.1, h =, h. We also have that by item (ii) of
proposition A.2,
lim %K) = (2k!)by, lim %'kt =0, (46)
€ S0 10 € S0 10)
f_or all k € N. Let us write E(f) = E(t~'). On the one hand, we have that the function
E belongs to G1(So(B’,1/p’)) (see the appendix) and on the other hand, by the formal
construction and (46)
lim  8E@) =0,
— 0
te S0 1/0)

~

and again by proposition A.2, E Z 0. Finally applying proposition A.1, one obtains

that E =, 0. O
Now we define Ag = g — g and
n? 1 ! -
D(s) = 2 Z,/ [b+9F (1 —Ar(g(s) —g(s)))]da. 47)
0
Since g satisfies equation (43) and g satisfies equation (44) Ag satisfies the linear equation
" Ag'(s)
AgT(s) + P Ag(s) =D(s)Ag(s) — E(s). (48)

Here we have used that both g and g can be seen either as known or unknown functions.

Lemma 5.4. For any so > 0, and for any solution h, and hy of (43) and (48) respectively,
satisfying lim_, 100 h1(s) = lims_, 10 h2(s) = O there exist two unique constants Cy, (so) and
Ch, (s50) such that hy, hy are solutions of the following fixed point equations:

+00

hi(s) = Ko(s)Ch, (s0) + Ko(S)/ Elo(5)TTh11(8) d& + Io(s) EKo(§)T[h1(5) dé,

with TTh](s) = —g(s)% + 5 — L[F(1 — g(s)) — bg(s)] and

§°

ha(s) = Ko(s)Cn, (s0) + Ko(S)/ §1o(§)R[h21(5) d§ +10(S)/ §Ko(5)R[h2](§) dé,

where R[h](s) = —D(s)h(s) + E(s).

Proof. We choose sy > 0. If 4 is a solution to (48), then, for all s; > 0,

h(s) = Ko(S)<C1 +/ Slo(E)R[h](€)> dg + 10(S)<C2 —/ EKo(E)R[h](E)d%'>-

50 S

Upon imposing the condition at infinity lim;,,h(s) = 0, it turns out that
C, = f;”g Ko(&)R[h](E)dé and C; is also determined. The other case is completely
analogous. ]
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Let ¢y = C,(s0) and ¢; = C,_z(s0) be the constants in previous lemma corresponding to
g and g — g, respectively. We note that

(g — 8)(s) = Ko(s)es + Ko(s) f EDERILg — F(E) dt
+1o(s) f EKo(6)RIg — F1() dE,
(g — )(s) = Kj(s)es + Kis) / EI(E)RIg — F1(5) de

+15(s) / EKo(&)RI[g — g1(§) d&.

Therefore,

c2 = 50((g — &) (50)15(s0) — (&' — &) (s0) Lo (50))- (49)
Analogously one can see that

c1 = 50(8(s0)I5(s0) — &'(s0) Io(50))- (50)

Lemma 5.5. There exists a constant A such that for any sy > 0 sufficiently large,
S0

leils leal < A—77.

So

Proof. We only check the above bound for ¢,, the other case being analogous. Along this
proof we will denote by C any arbitrary constant. We note that, if p is sufficiently large,

lg(®)s?l,  18(s)s*l, 18 ()8, 18 (s)s’| < C, forall s > p. (51)

As we proved in theorem 2.1 |g(s)| < C/s2. This result is well known, see for instance [15].
Moreover, we also have that, as we pointed out in remark 2.15, |g’(s)s’| < C. On the
other hand, since g is 1-Gevrey asymptotic to the formal expansion g, it follows that, if |s| is
sufficiently large,

1

<C—,
S s

B 1
g(s) — bls_z

and hence the inequality for g does also hold. In the same way, g’ is 1-Gevrey asymptotic to
&’ and therefore |g/(s)s?| < C.

Furthermore, as is well known, there exists a constant C such that 0 < Io(s), I;(s) <
Ce*s™'/2 forall s > p, provided p is large enough. Therefore, upon using condition (49),

lea| < Csé/zes(’(so_2 + s0_3) < Cex"s(;yz,
which proves the inequality. ]
We define the linear operators
s +00
L[h](s) = Ko(S)/ Elo(5)h (&) d§ + Io(S)/ §Ko(§)h(§) d&, (52)
S0 s
Glhl = LID - hl, (53)

with D defined in (47). We observe that, by lemma 5.4, we can express the fixed point equation
for the difference Ag as

(d — G)[Ag]l(s) = Ko(s)cz — LIE](s). (54)
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As a consequence, in order to check item (ii) of theorem 5.2 it will be enough to study the
linear operator Id — G in some suitable Banach space. In addition, the fixed point equation for
g can be written as

g = Ko(s)er + LIT[g]l. (55)

In order to prove item (i) of theorem 5.2 we will prove that the above fixed point has a unique
solution which can be extended to an analytic solution in an appropriate sector. Thence, since
our solution g satisfies the fixed point equation, we will get the result.
For each 8 < 7, sp > 0 and y > 0, we define the complex Banach spaces
X ={h:S(B,s0) = C; hreal analytic, ||h]lx := sup |h(s)exp(y|s — sol)| < +00},
seS(B,s0)
and
Y ={h:S(8,s0) — C; hreal analytic, |||y := sup |h(s)s?| < +00},
seS(B.so)

and define By(R) C X like the open ball of radius R centred at the origin. Analogously we
introduce By(R) C ). We also define the real Banach space

Ve = {h:[s0,+00) = Rih € V,h € C°,|hlly, = sup |s*h(s)| < +o0).

S€[s9,+00)

Lemma 5.6. Let B < 7 /2 and let p| be such that g and consequently E are defined on sector
S(B, p1). If so > py is sufficiently large and y = min{(cos 8)/2, ¢ cos B} with c, the constant
defined in lemma 5.3, then the linear operator L defined in (52) satisfies that there exists a
positive constant A independent of so such that

(i) L: X — X iswell defined and
IL[Alllx < Allh|x

(ii) The operators L : Y — Y and L : Yr — Vg are well defined and moreover,
IL[A1lly < Allklly, I£[ATlIy: < AllAlly,-

Proof. In what follows we denote by C any arbitrary constant, so the value of C may change
throughout the rest of the proof without explicit notice.
We recall that, sy being sufficiently large, for all s € S(so, B),

le™] e’
|Ko(s)| <C|s|_1/2’ [1o(s)] <C|s|1/2'

(56)

First we shall show item (i). Indeed, given & € X, using that |2(r)| < ||h|le”"" %! and the
inequalities provided in (56) one easily gets
—Re(s)+yls—sol

s
1/2gRe©) =y =50l 4
5172 /XO 1E]'/"e S‘
Re(s)+y|s—so|

+00
1/2 ,—Re(&)—y|E—s0l
prhe / £ ds'

== (I + L)l (57)
We note that, given that |s — so| < (Re(s) — Re(sg))/cos B and y < cos 8/2,

le 5=l L[h(s)]] < C A

€
+ Cl|n]

1
I, < CeRerrl—slgRet| ¢ _ o / e Re()—Re(s0) g5l g
0

eRe(s)—Re(so)—vIs—sol

< Ce—Re(s)+y\s—so\eRe(sO) s —s <C
h | Re(s) — Re(so) + ¥|s — so|

ol
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We now search for a bound to /. By using the Cauchy theorem, we change the integration
path in the integral involving the definition of I,, and get

eRe(x)

+00 +00
L < CHT/ s + &|1/2eReW—E g = C|s|_1/2/ s +&|/%e78 d&
s 0 0
+oo Re(s) +
- C|s|_1/2<|s|1/2 +/ ereReW +5 dg)
0 s +&[¥/
+00
<C +C|s|’1/2/ e Sls+&|7V2de < C.
0

Then, using the above obtained bounds for Iy, I, in (57), we find that £L(h) € X and furthermore,
IL[A]] < Ak as we wished.
Now we prove (ii). Considering the inequalities (56), if & € Vg and s > sy,

K E +00 G*E
1s2L[R1(s)] < Cllhlly, <ess3/2 /m o dE+ess3/2/Y 537d ) (58)

Upon integrating by parts it is readily found that

s 3
o 3/2/ <l+es¥2 2 3 € de,
é?3/2 20 J,, €372

s .3/2 =
e's /S P dé <1,
and hence, if 59 > 2
|sLIA1()] < Clhlly, (1 —s5) + 1) < Al|h]ly,.
Let & € ). Again by inequalities (56), if s € S(B, so),
/S eRe() e Re(®)
e[S,
s 16132 . lEP?
Now we use that if s € S(B, s9), then |s — 59| < (Re(s) — Re(sp))/cos B and |s| < CRe(s)

with C a constant depending only on 8. The previous bound along with this fact allows us to
obtain

Is2LLAY()] < ClsPP2e™™ | hly e

Re(s) £ o0
Is2L[R1(s)| < C(Re(s))*e RO ||n ]y, (/w ;/2 dg + RO (Re(s))*2 /Res & dg)

which only depends on Re(s) and can be bounded in the same way as bound (58). This ends
the proof of this lemma. O

Finally we prove theorem 5.2.

Proof of theorem 5.2. Along this proof we will denote by C an arbitrary constant independent
of so. First we recall that, by the results in [20], we already know that f is real analytic in
(so, +00). Moreover, we observe that, in the case that the interval [0, 1] is contained in the
analyticity domain of the nonlinearity F, then again according to [20], f is real analytic in
0, +00).

We will deal with g(s) = 1 — f(s/~/b). We begin by proving (i). We recall that our
solution g was a solution of the fixed point equation (55):

h =H[h](s) := Ko(s)c1 + L [T[h]] (59)

where 7 [h] was defined in lemma 5.4. The strategy to prove item (i) is the following: on the
one hand we will prove that there is only one solution gy of the fixed point equation belonging
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to )V, and on the other hand, we will check that there is a unique solution of the fixed point
equation gy, € Vgr. Assuming these facts, since obviously gy € Vg, we have that gy extends
gy, to a complex sector. Finally, by theorem 2.1, g € VR and it is a solution of (59) and
therefore g = gy,.

Let s; > 3 be sufficiently large. We note that K(s) € ) and moreover, if s € S(B, s1),

2K < |S|3/2eso—Re(s) (Re(s))S/Zeso—Re(s) B
|S O(S)Cl| X 3/2 X 3/2 S
So So

for some adequate constant B. Moreover we also have that, for all s € C,
Is27[01(s)| = n>.

Hence we have proved that H[0] € Y. Let now R = 8||H[0]||y (where here the definition
domain is S(B, s1) independent of sy). From now on we will take sy big enough such that
R|so|~2 < & in such a way that if & € By then F(1 — h(s)) is analytic in S(B, so). We point
out then that, if 7 € By(R), the function H[/] is real analytic and it is well defined on the
sector S(B, o).

We take hy, hy € By(R). By the mean’s value theorem and definition of 7" in lemma 5.4
it is easy to deduce that, if s € S(8, 50),

1+R

|s*(TTh1(s) = Tlhal(5))| < € 2 A1 — hally,
0

C being a constant depending only on n, sup, ., |32F (1 — x)| and b. Henceforth, by taking
so large enough,

IH[R1] — HIlly < s 1By = hally,

which implies that H is a Lipschitz operator. We emphasize that, if » € By(R),

IR < IHIOM + ) = HIOIly < § + 5 < R.

and consequently, applying the fixed point theorem, we conclude that there is only one solution
of the fixed point equation (59) belonging to By(R) C Y. The uniqueness of the solution in
the full Banach space ) is straightforward from the fact that we can reduce the norm of a
function belonging to ) by enlarging so.

Analogously (in fact, easily) one can prove that there is only one solution of the fixed
point equation (59) belonging to Vr. This concludes the proof of item (i).

Now we are going to prove item (ii). First we set ¢ > 0. By definition (47) we have
that D : S(B, s9p) — C is real analytic and D(s) — 0 as |s| — +oo provided g, g € ) and
g(s), g(s) — 0 as |s| = +00. Thus, there exists 5o € R large enough such that

sup  [D(s)| < e.
seS(B,s0)

Finally, since G[h] = L[D - h], by item (i) of lemma 5.6, we have that

IG[AII < AID - hll < sup [D()IIAl < ellhll,
seS(B,s0)

if 5o is large enough. This implies that the operator Id — G : X — X is invertible. Secondly,
we point out that one can write the fixed point equation (54) as

Ag = (1d—G) '[c; - Ko — LIE]].
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We already have that K, € X. Moreover, given that |s — so| < (Re(s) — sg9)/cos B and
2y < cos B, forall s € S(B, so0),

—Re(s) S0 a—Re(s)
e’ e e’ e
eylsfsol <C

< e¥ (Re(s—s0))/ cos B
53/2 |S|l/2 SS/Z |s|l/2

le”s 0l Ko (s)ea] < C

< Com e 25 3215 712 < sy 2,

C being a suitable constant that is independent of sy.
It is also clear that E € & and, for any s € S(B, s9),

|ey|s7so\E(S)| — ey|s7s0|fc\s||ec\s\E(s)| < ey(Re(sfso))/cosﬁfcRe(s)|ec\s|E(S)| < |ec\s|E(S)|efaso

taking into account that y < ccos 8 and a = min{1/2, c}.
Therefore, taking ¢ = 1/2, by lemma 5.6, we conclude that Ag € X and moreover

1 Agll < 2(llez - Koll + ILIETI) < C(|sol 7> + Ce ™) < 1,
if 59 is small enough. Here we have used that ||(Id — G)~!|| < (1 — |G)~' < 2.

6. Numerical results

In this section we present some numerical computations based on the Ginzburg-Landau
nonlinearity. In particular, we have computed the parameter « for degrees up ton = 11 and
also the corresponding solutions f (). We then will deal only with the case F(f) = f(1— f?),
but the method can be applied to other nonlinearities.

6.1. Numerical results for a,,

As we have already shown in the previous sections, all the solutions of

£ n2f@)

r r2

)+ +f((1 - f(r? =0, (60)

where £(0) = 0, depart from » = 0 like f(r) = ar” + O("™?). However, there is a unique
critical value of «,, which depends on n, such that the corresponding solution tends to 1 as
r — +00. As is shown in [15], the idea is that one must catch the right value of «,, such that
the cubic term f> balances with the linear one f. Otherwise, either f dominates, in which
case it is easy to see that the solution behaves essentially like the Bessel function of the first
kind, J,(r), and hence it oscillates and tends to zero at infinity, or f 3 dominates, in which case
the solutions tend to infinity for some finite radius. This criticality, along with the fact that
o, becomes exponentially small in n, makes it difficult to compute «,, numerically already for
moderate values of .

In this section we present some numerical results for the shooting parameter «,, when
n=1,2,..., 11 and describe the method that has been used to compute them, as well as the
corresponding solution f (7).

The values of «,, have been computed using two different approaches:

The first approach is the most standard. Let us denote by v, (e, r) the solution of (60)
such that it looks like ¥, (aty, ) = a,r" (1 + O@?)) as r ~ 0. We take «, as a result of
numerically computing «(R) as the value that satisfies the equation

Yn(a(R), R) =1,

taking R sufficiently large. In particular, we have chosen R = 150 since previous
numerical tests showed that, for all values of n = 1, 2, ..., 11, it satisfies that the difference
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Figure 1. Solutions to (60) for increasing values of n up ton = 11.

between the corresponding values of ¢, evaluated at radius slightly larger is small enough,
|(R) — a(R+ AR)| < 107, To compute the value of «(150) we have used the method of
multiple shooting in [11] due to the above-mentioned strong dependence of the solution with
respect to the initial condition.

Along with the value of «,,, we have also obtained the solutions of (60) up to R = 150 for
these same values of n. The results are presented in the plots in figure 1.

The second approach is based on the fact that one can obtain a formula for ¢, in terms of
the values of the whole orbit using the previously derived fixed point equation. Indeed, let us
recall that g(s) = 1 — f(s/~/2) satisfies the fixed point equation

2(5) = F(R)(5) = Ko ) / £1,) ( = F28E - %g%s)) dé

35 13
+1<s>f €K, (é)(52 26® - 38 (é)) de,
then, using the equality

2
K<s>/51<s><52+1>ds+1<s)/ €K<$>(52 1>ds=1

(which was used before), one obtains that the solution f equivalently satisfies the fixed point
equation given by

f(r) = K.(v/2r) /O EL(V28) f(E)(3 — £2(£)) dg
+1,(V2r) / EK,(V2E) F(E)3 — f2(8)) dE.

Finally, one only has to compute lim, .o f(r)r~" to obtain the following formula for «,,:

» ,f EK, (V) ()G — £2(©) dé. (61)

We have thus used a trapezoidal rule followed by four steps of the method of extrapolation at
the interval [0, 128]. Hence we have assumed that the remainder

oy =

/ T K (V) F ()3 — FA(s)) ds 62)
128

2'n!

is small.
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Table 1. Values of the initial parameter «, computed with a multiple shooting approach and
using (61).

n Qnum Qformula [@thum — @formulal/ |0num

5.831894958603e — 001  5.831894967818e — 001  1.580096 358 805e — 009
1.530991 028 595¢ — 001  1.530991028595¢ — 001  3.719975397 348e — 013
2.618342071679¢ — 002  2.61834207167% — 002  6.722324 341929 — 016
3.32717340067%9¢ — 003 3.32717340067%¢ — 003  1.178299661891e — 014
3.365939408 587e — 004  3.365939408587¢ — 004  6.919541989412e — 016
2.829450940371e — 005  2.829450940371e — 005  1.013887550218e — 014
2.034869339621e — 006  2.034869339621e — 006  1.944741125116e — 014
1.278837761468e — 007  1.278837761468c — 007  6.446795689 138e — 015
7.137294928957e — 009  7.137294928956e — 009  2.122727448703e — 014
3.582513464123e — 010  3.582513464 123e — 010  1.006 588457 156e — 014
1.633851226714e — 011 1.633851226714e — 011  1.417568246031e — 016

—
— O 0 0 NN AW~

—_

The results are shown in table 1, an,m being the value of «,, computed following the first
alternative and ®gormula the value using the closed formula (61).

We want to emphasize that the relative error between the two quantities is very small.
Indeed, for some values of n we note that the comparison error is actually of the order of the
double precision computation, so it might be even smaller. We also note that when obtaining this
comparison error we have always neglected (62), and this quantity might be larger for smaller
values of n, which would explain why one obtains less significant differences for n = 1.

To compute «, for n > 12 we believe that multiprecision techniques are required, since,
as was shown in the previous section, o, < K 2-npl/3 /n!, becoming too small to be caught
by just using methods implemented in double precision.

6.2. The vortex core

As we have already mentioned, in the case F (x) = x(1 —x?), and when n is an integer number,
f (r) represents the modulus of single-vortex solutions of the two-dimensional complex-valued
Ginzburg-Landau equation

u, — Au=u(l — |ul?), (63)

which are stationary solutions of the form f(r)e!"?, with » = r(x) and ¢ = ¢ (x) the polar
coordinates of x € C. However, in general this equation is known to possess solutions with a
non-zero degree, composed by a number of different separated vortices which locally have the
form of a single-vortex solution. In that case, it is well known that the centres of these vortices,
that is to say, the discrete points where the solution, u, vanishes, organize the dynamics of
the whole solution. This way the dynamics of these patterns may be described in terms of a
quite simple law of motion for the centres of the vortices (see [6, 24,31, 32, 38] among others),
which is only valid provided the vortices remain far enough. Itis also known [40] that the most
stable vortices are those with unitary degree. However, vortices with degrees greater than one
do exist until they either split or annihilate, and the region of validity of these laws of motion
strongly depends on the form of the solution locally close to each vortex (cf [16,39]), which
in turn, and as we have shown in this work, is determined by its degree n.

This law of motion for the centres of vortices was initially obtained using heuristic methods
based on asymptotic analysis techniques (see [31]). These methods strongly rely on the fact
that the modulus of vortex solutions are very close to 1 everywhere in space except in small
areas around the vortex’ centres where |u| rapidly grows from O to 1, which were denoted as
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Table 2. Core radius in terms of the degree n.

n 0.90 0.95 0.98
1 2.765133e+000 3.684603e+000 5.343683e + 000
2 4957614 +000 6.650362¢+000 1.016816e+ 001
3 7.144353e+000 9.747130e +000  1.514987e + 001
4 9.363609¢+000 1.290943e+001  2.015565e + 001
5 1.161147e+001  1.608995e+001  2.516952e + 001
6  1.387695e+001 1.927817e+001  3.018724e + 001
7  1.615225e+001 2.247141e+001  3.520708e + 001
8 1.843306e +001 2.566754e +001  4.022824e + 001
9 2.071714e+001 2.886485e+001  4.525028e + 001
10 2.300340e +001  3.206297e +001  5.027 325e + 001
11 2.529215e+001  3.526170e +001  5.529661e + 001

the core of the vortex. The size of this core is very important in these approaches since it
defines the range of validity of the law of motion, that is to say, the law of motion remains
valid as long as the centres of the vortices do not reach any other vortex’s core. Although
the results in this heuristic approach were later on rigorously proved in [25,26] for the case
of finite domains, and [27, 38, 39] for the case of the entire plane where finer bounds for the
velocities of the vortices were obtained, it is still of use in some physic’s contexts such as, for
instance, in the evolution of singularities in nematic liquid crystals (see [35]) or even in the
derivation of a law of motion in a generalized version of (63) (see [2]).

We have thus computed the size of the vortex core for vortices of degrees from 1 to 11 by
determining the radius at which the solution is 0.90, 0.95 and 0.98. The results are presented
in table 2.

We note that the size of the core seems to grow linearly in n, at least for these values of
the degree.
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Appendix A. Gevrey asymptotic

The aim of this section is to summarize basic definitions and results about Gevrey asymptotic
and Gevrey regularity. Most of the features we state can be found in the literature (see for
instance [4] and appendix A of [3]).

In this work we deal with Gevrey asymptotic at infinity (that is, for large values of z), but
for technical reasons we need to relate the Gevrey asymptotic at infinity with the (classical)
Gevrey asymptotic at the origin.

We define an open sector at the origin of radius p and opening y € [0, ) as

So(y,p)={z€C:0<|z|] < p, |arg(z)| < ¥},
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and also we define a sector at infinity as

Soc(y, p) ={z € C: |z > p, Jarg(2)| < v}
We claim that if z7! € Sy (y, p~1), then z € So(y, p). Analogously we define the closed
sectors

So(vsp) ={z€C:0 <z < p,larg@)] < 7},

S, p)={ze€C:lz] = p, larg2)| < v}
Note that both Sj, S are non- compact sets.

In what follows & > 0. Let fo(z) = Z;OOO fizkand foolz) = > fez ™k be two formal
power series belonging to C[[z]] and C[[z~']], respectively. We will say that both are o-Gevrey
if forany k € N,

| fil < BA*(k)®
for some constants A, B > 0 independent of k.

An analytic function fj defined in a sector at the origin Sy is @-Gevrey if and only if for
every closed sector at the origin S_é C S& there exist constants A, B > 0 (depending only
on S_é) such that, for any k € N,

sup [9; fo(2)| < BA“(kD™.

zeS)
Analogously, we will say that an analytic function f,, in a sector at infinity S., is o-Gevrey if
and only if it satisfies that, k € N,

sup 248 foo ()] < BAK (kD™
zeSk
with S!, C Sy a closed sector at infinity and A, B > 0 two positive constants independent of
k. We will write fy € G4(Sp) and f € G, (Ss), respectively. This definition tells us about
Gevrey regularity.
Let fo be an analytic function in a sector So. We will say that fo is asymptotic a-Gevrey
to a formal power series fo € Cl[z]], or equivalently that fo is the a-Gevrey asymptotic

expansion of fo, if for any S, St So closed sector at the origin and k € N

k—1
z* <f0(Z) -> fzzl)

=0

sup < BAM (k)"

z€$)

for some positive constants A, B depending only on Sj. We will write fy =, fo

Similarly, if f is an analytlc function in a sector at infinity Seo, foo i asymptotic a-
Gevrey to the formal series foo € C[[z~"]] if and only if, for any Sk SL ¢ Sso closed sector at
infinity and k € N,

< BAM (k)"

sup

zeS, 1=0

k—1
z (foo(z) -3 fzz_l)

for some constants A, B > 0 depending only on @ We will write fr, =, ]/‘;
Proposition A.1. Let y € [0, ), p > 0 and fy be an analytic function defined at Sy(y, p).
We define foo(z) = fo(z™"). We have that

(i) fo is asymptotic a-Gevrey to the formal power serles fo(z) =35 fiz2* if and only if

feo is asymptotic a-Gevrey to foo(z) > fi
(ii) The function fy belongs to Go(So(y, p)) if and only if fr € Go(Seo(¥, p~ ).
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Proof. Item (i) is straightforward from definition. Moreover item (ii) is a consequence from
the Faa di Bruno formula (37). Indeed, applying the Faa di Bruno formula to f,

(- 1>k 2foc™)  (—DF e foleY) (k-1
A frol2) = Z Z T Z IR (l—l)’

z
U etly=k =1
1<k

for z € Soo(y, p~1)). We fix a closed sectorS_1 C Seo(y, p~ ). Since fy € Go(So(y, p)) we
have that [0¥ fo(z™")| < BAF(k!)™*® for any z € S1. Then,

RS k—1 1
197 foo (] < —kZ (l‘)“( )<Bz—k(k!)“(l+A)k_',

which implies that fo, € Go(Seo(y, p7)). Finally, since fo(z) = fool(z™') we can proceed
analogously to check the reciprocal. U

Now we are going to state (without proof) some useful properties about Gevrey asymptotic
at the origin (see [3,4]). Using proposition A.1 one can use such features also for Gevrey
asymptotic at infinity.

Eroposition A2. Lety € [0,7), p > 0 and fy be an analytic function in Sy(y, p) and
fo(2) = Y02 fidk be a formal power series.

(i) If fo is asymptotic a-Gevrey to the formal series ﬁ), then j?o is a-Gevrey.
(ii) fo is asymptotic a-Gevrey to the formal series fy if and only if fo € Go(So(y, p)) and for
allk e N,

lim affo(z) =k!f.
z 61531/0, P)

If fo =, ﬁ), then for any k € N, aé‘fo = Bfﬁ), where here Bi‘ﬁ) is the termwise
k-derivative formal of fj.

We remark that, as a consequence of item (ii) from proposition A.2, the asymptotic
expansion of a a-Gevrey function is unique. Conversely, if we restrict the angle y, we have
the following result which is a generalization of the well-known Borel-Ritt theorem (see [4]).

Theorem A.3. Let fo € Cllz]] be a a-Gevrey formal power series. We take y < amn/2and
o > 0. Then, there exists an analytic function in So(y, p), fo, such that fy =, fo

Moreover, even when this analytic function f; is not unique, the difference between two
functions asymptotic a-Gevrey to the same formal series is exponentially small.

Proposition Ad. Let y < an/2 and p > 0. Assume that fo is an analytic function in
So(y, p) satisfying that fo =, 0, 0 being the zero power series. Then, for every closed sector
Sé C So(y, p), there exist c, k > 0 such that

sup | fo(2) exp(clz| )| < «

1
Z€S8,

Theorem A.3 and proposition A.4 can be adapted to the case of Gevrey asymptotic at
infinity simply using proposition A.1. Particularly we have:
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Proposition A.5. Foranyy < amn/2and p > 0,

(i) If ﬁ\o € C[[z7"1] is a a-Gevrey formal power series, there exists fo an analytic function
in Sso(y, p), such that fo =4 foo
(ii) If f is an analytic function in Seo(y, p) such that fs =4 0, then

sup | f () exp(clz|/®)] < k,

ze8k,

where @ is any closed sector contained in S (y, p) and c, k are two positive constants
depending only on S\,
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